The period (per) locus has received much attention in molecular evolution studies because it is one of the best studied "behavioral genes" and because it offers insight into the evolution of repetitive sequences. We studied most of the coding region of per in Drosophila willistoni and confirmed previously observed patterns of conservation and divergence among distantly related species. Five regions are so highly diverged that they cannot be aligned, whereas a region encompassing the PAS domain is very conserved. Structural and nucleotide polymorphism patterns in the willistoni group are not the same as those observed in previously studied species. We sequenced the region homologous to the highly polymorphic threonine-glycine repeat of D. melunogaster in multiple strains of D. wilZistoni, as well as in other members of the willistoni group, and found an unusual amount of conservation in this region. However, the next nonconserved region downstream in the sequence is quite variable and polymorphic for the number of repeated glycines. The glycine codon usage is significantly different in this glycine repeat as compared to other parts of the gene. We were able to plot the directionality of change in the glycine repeat region onto a phylogeny and find that the addition of glycines is the general trend with the diversification of the willistoni group.
Introduction
The period (per) gene is perhaps the best studied "behavioral gene" in Drosophila.
The per locus was one of the first biological clock genes identified through its effect on circadian rhythm (Konopka and Benzer 1971) . It also affects courtship song in a species-specific manner (Kyriacou and Hall 1980; Peterson, Hall and Rosbash 1988; Wheeler et al. 1991) and has been called a "speciation gene" (Coyne 1992 ). The entire per locus has been sequenced in four species; D. melanogaster, D. pseudoobscura, D. virilis, and D. yakuba (Jackson et al. 1986; Citri et al. 1987; Colot, Hall, and Rosbash 1988; Thackeray and Kyriacou 1990) . From the comparison of per among these species, it is evident that there are many regions of varying conservation and divergence (Colot, Hall and Rosbash 1988) . The region of greatest conservation is from the end of exon 3 to the beginning of exon 5 ( fig. 1 ). Much of this region shares sequence similarity with the D. melanogaster gene single-minded (sim) as well as with subunits of the mammalian aryl hydrocarbon receptor (Crews, Thomas, and Goodman 1988; Hoffman et al. 1991; Burbach, Poland and Bradfield 1992; Reyes, Reisz-Porszasz, and Hankinson 1992) and has been named the PAS (for per, aryl hydrocarbon receptor, single-minded) domain. In the PAS domain are two 5 1 amino acid repeats that potentially mediate dimerization of PER with the gene product of another circadian rhythm gene, timeless (Huang, Edery, and Rosbash 1993; Sehgal et al. 1994; Vosshall et al. 1994 ). The perL mutation, which results in longer circadian and courtship song rhythms, and the pefll mutation, which makes the flies arrhythmic, both fall in the PAS domain while mutations that produce short-period phenotypes are just downstream (Yu et al. 1987; Baylies A et al. 1987 Baylies A et al. , 1992 .
In contrast to the highly conserved .PAS domain, about 30% of the gene is so divergent that the sequence is not alignable among different species groups (Colot, Hall, and Rosbash 1988) . One divergent region consists of threonine-glycine (Thr-Gly) repeats in D. melanogaster and D. yakuba (Thackeray and Kyriacou 1990; designated "n2" in fig. 1 , following Colot, Hall, and Rosbash 1988) . Only a few Thr-Gly repeats are present in D. pseudoobscura and D. virilis (Colot, Hall, and Rosbash 1988) . The length of the Thr-Gly repeat unit is highly polymorphic in D. melanogaster, and there is a latitudinal cline in repeat length frequencies from North Africa through Europe (Costa et al. 1991 (Costa et al. , 1992 . The cline, together with the finding that removal of the ThrGly repeat gives a temperature-sensitive circadian phenotype (Ewer et al. 1990) , has led to the inference that the length polymorphism may be under thermal selection (Costa et al. 1992) . In D. simulans, the n2 region also has a Thr-Gly repeat length polymorphism, although there is not a cline (Rosato et al. 1994) . Costa et al. (1991) also examined length variants in the n2 region in three strains of D. pseudoobscura and found more complex variation than is seen in D. melanogaster due to differences in the structure of the region. Further examination of the n2 region in other Drosophilidae, as well as other Diptera (Peixoto et al. 1993; Nielsen et al. 1994) revealed great variation in the length of the region. It is variable and often repetitive within the Drosophilidae, but reduced in length in other dipteran species.
Here we study inter-and intra-specific variation in per in the third major Sophophoran lineage, the willistoni group. Nearly the entire coding region of per was sequenced in Drosophila willistoni to determine if the pattern of conservation and divergence is maintained in this species. We also chose to examine the n2 and sur- Verified PCR products were cloned using the TA cloning kit (Invitrogen) following kit instructions for ligation, transformation, screening of colonies, and con- regions for per (Gleason 1996) , we have shown that in our laboratory these procedures result in less than 0.1% PCR error per nucleotide position. Since each site in the rounding region in multiple strains and species of this sequences of many of the strains of the multiply segroup, expecting it to be polymorphic as in other Soquenced species is identical among strains, we estimate phophorans.
However, the n2 region is conserved, and that PCR error has not influenced the results. Sequences another region, just downstream, is polymorphic and were aligned by eye with the relevant regions of D. melvariable among these species.
anogaster, D. pseudoobscura, and D. virilis to infer the location of the introns.
Materials and Methods

Species and Strains Used
Amplification and Sequencing of period in the Sibling Species
The species and strains studied are listed in per28 (primer sequences are given in table 2). Genomic DNA was extracted from 50-200 flies using Alignment of the sequences was done by eye exstandard phenol-chloroform extraction followed by procept for a highly repetitive region (n3) and the surroundteinase K digestion (Werman, Davidson, and Britten ing area. Since the entire data set was too large for the 1990).
program, only bases 601 to 873 (comprising the most Sequence of the Coding Region variable region, see appendix) were aligned -using Malign (Wheeler and Gladstein 1993) with a gap-to-change Most of the coding region of the per locus was cost ratio of 8: 1. The same alignment resulted using the amplified from the Atlixco strain (wilA) using the polybuild, pair, and quick options-As codons were broken merase chain reaction (PCR; Saiki et al. 1988) . Ampliusing Malign, the alignment was further adjusted by eye. fication was done in three overlapping pieces using the All sequences have been submitted to GenBank. following primer combinations (sequences are listed in table 2): per4 and per48 for most of exon 3 to the beAccession numbers are given in 1986). type B transcript has an intron downstream of the stop is missing only 67 amino acids at the beginning and 2 codon and an alternative splicing between exons 1 and amino acids at the end. From the nucleotide alignment, 2, neither of which are sequenced here. The third alter-start ot nil 31 *******************************************************************~~~~~-~~___-___ native splicing for the type B transcript removes an inthe five highly divergent and difficult-to-align regions tron within exon 5 and uses nonconsensus splice sites designated nl to n5 by Colot, Hall, and Rosbash (1988) ; (Citri et al. 1987 Toward the beginning of the first PAS domain there is a conserved valine (amino acid 155 in the D. willistoni sequence) that, when mutated to aspartic acid, results in a longperiod phenotype (Baylies et al. 1987) . Just after the PAS domain, there is a similarly conserved serine (at 497). In D. melanogaster, if this serine is mutated to asparagine or to any of four out of five other amino acids tested, a short-period phenotype results (Baylies et al. 1987; Yu et al. 1987; Rutila et al. 1992) . Including this serine, the 21 amino acids from 497 to 5 17 are identical in all five species sequenced (data not shown). Ten of 12 amino acid changes generated in this region resulted in short-period phenotypes in D. melanogaster (Baylies et al. 1992) .
TAVSLEG-TRES-PLPASGS--~STESTHNTlrvsDsAYsarscSNSQGQRSGSSASRL RISASTSLEGRDEEKPRP SGTGCVE
----C~MQQLGEPLWTETQISF.QL--~QNEDQNKSEQLi4QFPLPTPI-VT--TLSPGIGPG-EDCV----@XCGAVAGGCLWGAGTDKTSIIRTSELIPGKLES-QQICR-----ELQD-QQHGEDBSEP--QAIEQLQQEEEED@KXiESEAD
Of the divergent regions, n2 and n3 have unique characteristics.
The n2 region, consisting of a Thr-Gly repeat in D. melanogaster, is quite reduced in D. Willistoni. In D. willistoni, it encodes a series of six glycines among a total of 27 amino acids, confirming an earlier result (Peixoto et al. 1993) . In contrast, the Thr-Gly repeat of D. melanogaster has a total of 72 amino acids in n2. In D. pseudoobscura, the n2 region encodes a five-amino-acid degenerate repeat among a total of 209 amino acids, whereas the region is greatly reduced to only 19 amino acids in D. virilis (Colot, Hall, and Rosbash 1988) . Like the n2 region, the n3 region of D. willistoni has a glycine repeat which is not observed in other species. The n3 region also has a series of glytines, but the series is longer. These regions are explored in more detail in the next section.
Interspecific Comparison of per Within the D. willistoni Group
A smaller fragment of per, encompassing n2 and n3, was sequenced for all strains of the willistoni group listed in table 1. The length of the region sequenced ranged from 1,126 to 1,2 13 nucleotides.
The fragment corresponds to nucleotides 4843 to 6156 inclusive in the D. melanogaster sequence (GenBank accession number M 11969). The region is all coding sequence, when using the type A splicing pattern (Citri et al. 1987) , and is equal to 375-404 amino acids.
The n2 region that corresponds to the Thr-Gly repeat-encoding region in D. melanogaster is a series of six glycines in the willistoni group; the number of glytines in this repeat is invariant both within a species and among all species of the ingroup (appendix, shaded nucleotides are glycine codons). The only exceptions are changes to aspartic acid in a D. paulistorum semispecies (pauA) and to valine in a D. willistoni strain (wilG2). In D. capricorni, the 6 glycines are part of a series of 11 glycines; all of the sibling species have retained the first and last of these 11 glycines. At each amino acid site, the codon used for glycine is the same for all species and strains, with the exception of one codon each for two strains of D. equinoxialis, the Carmody strain, and D. tropicalis (appendix). This indicates little change among the species despite glycine being a four-fold degenerate amino acid. The length of the n2 region is invariant: all species and strains have 27 amino acids. The length and nucleotide conservation, even to the degree of a few synonymous substitutions, of the n2 region among D. willistoni species is therefore unexpected for a region that is so variable within other species. Although the n2 region does not have a Thr-Gly repeat, it does have features common to dipterans; the sequence starts with two amino acid pentamers:
TSGXX and NSA/GXX (Peixoto et al. 1993) .
Unlike n2, the beginning of the n3 region is highly divergent and highly polymorphic among the species of the willistoni group. This region encodes a series of glytines (nucleotides 613-666, appendix) followed by a glycine-rich region (nucleotides 7 18-828, appendix) containing a run of five glycines in D. willistoni. In the first region, the glycine-repeat region, the number of amino acids varies from a minimum of 2 (outgroups) to a maximum of 18 (D. paulistorum).
The repeat length variation is present not only among the species, but also within D. willistoni and D. paulistorum. In contrast, the amino acid sequence of D. equinoxialis is monomorphic for the glycine repeat in all six strains. It is composed of 12 amino acids including 1 serine and 11 glycines. The rest of the n3 region (nucleotides 7 18-828) is also quite variable among the species, although it is not very polymorphic within any species. Approximately one third of the amino acids encoded here are glycine (e.g., 32% for D. equinoxialis and 36.5% for D. willistoni), and there is a series of five glycines encoded in D. wilZistoni (nucleotides 766-780).
Nucleotide and amino acid changes are not evenly distributed throughout the entire region sequenced ( fig.  3 ). Overlapping sliding windows of 25 nucleotides were used to identify the number of changes along the nucleotide sequence of the entire data set ( fig. 3 , top line) with MEGA (Kumar, Tamura, and Nei 1993) . The mean number of changes per 25 nucleotides was 7.37 + 4.31. The largest peaks above the mean occur in regions corresponding to the previously defined variable regions for all species and strains; this pattern is reflected in n2 and n3 even if the outgroups are not included (results not shown). For the 18 D. willistoni strains alone ( fig. 3 , bottom line), however, peaks are not centered in n2 and n3. The n2 region is conserved, with no changes in the center of the region. The n3 region is similarly conserved except for a major peak in the glycine repeat. The glycine-rich region is no more variable in D. wilZistoni than in any other (mean number of changes for D. willistoni is 1.10 + 1.37). The second largest peak occurs just after the n3 region. This reflects that the glycine repeat region is variable (the beginning of n3), but the rest of n3 is relatively conserved within D. wilZistoni. (Kumar, Tamura, and Nei 1993) . Window size is 25 nucleotides. The horizontal axis is the midpoint of the window, and the vertical axis is the number of changes over all of the sequences. Abbreviations:
n2-n4, difficultto-align regions; glycine repeat and glycine-rich refer to particular regions in n3 (see text). The solid line (top) is for all of the sequences and the broken line (bottom) is for the D. willistoni strains alone.
Intraspecific Variation in per
In addition to the polymorphic indels, we studied sufficient numbers of strains in three species to estimate levels of polymorphism for nucleotide substitutions (table 3). In general, transitions outnumber transversions, and silent substitutions outnumber replacement substitutions. In D. willistoni, most transversions occur in four-fold degenerate codons, whereas this is not the case for transitions. Most of the silent polymorphisms in any one strain are shared rather than unique to that strain (mean of 3.61 shared and 1.11 unique polymorphisms per strain). For replacement substitutions, there are more unique substitutions than there are shared substitutions, although predominantly silent substitutions outnumber replacement substitutions (table 3) .
Among the D. equinoxialis strains, the number of transitions is approximately equal to the number of transversions among the six strains. All changes occur in third codon positions and all the changes, except for one transition, are in four-fold degenerate codons, thus resulting in no amino acid changes (table 3) . The only amino acid difference among the D. equinoxialis sequences is that equB has a glycine at amino acid position 259 (nucleotides 775-777, appendix), whereas all other D. equinoxialis strains have a deletion at this position. The Carmody strain, which has an amino acid sequence identical to that of the D. equinoxialis strains, also has a glycine at this position. Drosophila paulistorum, in contrast to D. equinoxialis, has nine amino acid polymorphisms among the six strains sequenced. Transitions and transversions are about equally divided between four-fold degenerate and other codons (table 3) .
To compare the levels of polymorphism in these species, we calculated T, the observed average proportion of nucleotide differences between alleles sequenced, and 8, the mean number of nucleotides segregating per site under the expected distribution of neutral vaiants in a panmictic population at equilibrium (Watterson 1975 ). The least polymorphism over all positions is in D. equinoxialis (table 3) , as was shown with the glycine-encoding repeat region. There are not any amino acid substitutions for this species; however, the level of synonymous substitutions is about the same as for the other two species.
Tests of Neutrality
Under neutrality and equilibrium, T and 8 are expected to be equal. For Tajima's D statistic (Tajima 1989) , which compares the difference between 7~ and 8 none of the tests produced a significant deviation (D) from neutral expectation (Gleason 1996) .
The McDonald-Kreitman (199 1) test examines the ratio of silent to replacement substitutions in intraspecific polymorphisms in relation to the same ratio in fixed differences between two species. If a gene is evolving The HKA test (Hudson, Kreitman, and Aguade 1987) examines whether the differences between species are statistically consistent with the levels of polymorphism within a species by comparing a data set to a locus evolving neutrally. We compared per to the noncoding region of Alcohol dehydrogenase (Adh; Carew 1993) . In addition, we compared per to the coding region of Adh to determine if there was a difference in the way the two genes are evolving. None of the HKA tests performed were significant (test results not shown).
Codon Usage
Codon usage is remarkably unbiased for the per locus in D willistoni. The effective number of codons (ENC ; Wright 1990 ) is 55.4. Chi-square tests were performed on each amino acid, and only glycine deviated significantly from equal usage of all codons for each amino acid (Gleason 1996) . Because codon usage in the Thr-Gly repeat regions of other species has been shown to be different from that elsewhere in the gene (Costa et al. 1991) , we tested whether codon usage in the D. willistoni glycine repeat region was different from the other parts of the gene (table 5) ; the comparisons in this table are only for the region sequenced in all species and strains. For individual species, the incidence of Aand G-ending glycine codons is low. Therefore, only the T-and C-ending codons were analyzed using a chisquare test. All of the sibling species are significantly different at the P < 0.05 level and, of these, all except Carmody and D. equinoxialis are significant at the P < 0.01 level (table 5) . We also combined all the sibling species to perform an analysis with all four codons; the difference is highly significant (table 5) . These differences show that GGT is used significantly more than GGC in the repeat region as opposed to other parts of the gene. GGG is rare in the repeat region. Unlike the glycine repeat region, in the rest of n3, the glycine codo not necessarly cluster by species (D. melanogaster, don usage is not significantly different from that of other Kliman and Hey 1993; D. obscura, Wang and Hey 1996 ; parts of the gene, with the exception of D. tropicalis (P D. virilis, Hilton and Hey 1996) , although the other < 0.025; results not shown).
studies sequenced different regions of period.
Discussion
Intergroup and Interspecific Comparisons
Comparison of the D. willistoni per sequence with that of D. melanogaster, D. pseudoobscura, and D. virilis reveals a pattern of conserved and nonconserved sequences that had been demonstrated previously (Colot, Hall, and Rosbash 1988) . However, the evolution of per within the willistoni species group is different with respect to variation in the n2 and n3 regions. Notably, the n2 region is invariant within D. willistoni and low in variation in the willistoni group. Other Sophophoran species are highly polymorphic in n2, especially D. melanogaster (Costa et al. 199 1, 1992) , D. simulans (Rosato et al. 1994) , and D. pseudoobscura (Costa et al. 1991) . In contrast, the n3 region encodes a series of glycines and is very polymorphic in the willistoni sibling species. Additionally, it is quite divergent among D. equinoxialis, D. paulistorum, D. pavlovskiana, and D. willistoni. The n3 region is much more similar among D. tropicalis and D. insularis and the outgroup species, but this is because the region is not as repetitive in those species. The n3 region has been recently sequenced in multiple strains of species of the virilis group (Hilton and Hey 1996) and of the obscura group (Wang and Hey 1996) ; neither group has repeat or length variation in the n3 region either within or among species.
Codon Usage Bias
As with Alcohol dehydrogenase, period in D. willistoni shows a tendency toward T instead of C in the third position of two-fold degenerate codons (Powell and Gleason 1996) . In addition, compared to D. melanogaster per, there is a greater frequency of A codon endings in D. willistoni per (Gleason 1996) . Codon usage in D. willistoni per is not significantly different from equal usage of synonymous codons, and this is reflected in an equal G+ C and A+T content in the third codon position (Gleason 1996) and a high ENC (55.4). Drosophila melanogaster per, however, has a codon usage that is significantly biased with an ENC of 41.2. In general, Drosophila genes display an average ENC of about 45 (unpublished data). Therefore, D. willistoni per is less biased than average and D. melanogaster per is more biased than average.
It has been suggested (Ewer et al. 1992 ) that the length of the Thr-Gly repeat of D. melanogaster is involved in temperature compensation for the period locus. We speculate that in the absence of variation in n2 for D. willistoni, the nearby n3 region may play an analogous role in the D. willistoni siblings. However, given that the willistoni group is Neotropical, it is not clear that it experiences much selection for variation in thermal adaptation. On the other hand, D. melanogaster is also an originally tropical species, although the populations studied for the latitudinal cline were subtropical and temperate human commensal populations (Costa et al. 1991) . In addition, the absence of a latitudinal cline in D. simulans and complete linkage disequilibrium between haplotypes for nucleotide substitutions and length polymorphism (Rosato et al. 1994) implies that D. simulans may temperature compensate in another manner. Thus if temperature compensation is necessary in D. willistoni, it is possible that it has another method of temperature compensation not associated with changes in the size of a repeat unit.
Interestingly, the period genes sequenced here completely segregate among species (Gleason 1996) . That is, by using either the maximum-parsimony or neighbor-joining methods of phylogeny reconstruction, all sequences for each species form a single clade, with only two exceptions. The Carmody strain clusters with D. equinoxialis, and D. pavlovskiana falls within D. paulistorum. For other species groups, period sequences Possible causes of codon usage bias have been postulated. If the relative abundance of tRNAs is the explanation for codon usage bias (Ikemura 198 1; unpublished data) , this implies that D. willistoni has a different tRNA pool than D. melanogaster.
By this model, it is predicted that D. willistoni will have closer to an equal number of tRNAs for most codons if not a slight trend toward those tRNAs optimally binding U-and A-ending codons. However, this model cannot explain the regional differences in codon usage in D. willistoni per.
As an alternative model, Akashi (1994) proposed that accuracy of translation influences codon usage bias. Under this model, nucleotide sequences corresponding to functionally constrained regions of a protein would have a higher codon usage bias than functionally unimportant domains. In D. willistoni per, this is not the case if one assumes that protein conservation among species groups reflects functional importance. The ENC for the diverged regions (nl-n5) is 52.3 (278 codons), whereas for the conserved regions it is 54.8 (811 codons), indicating more bias for the diverged region.
Repeat Evolution
The n2 region, although it encodes a homopolymerit repeat, is not as variable in the willistoni group as might be expected from its structure in other species groups. Most of the variation in the sequenced fragment lies in n3. The n3 region also has a homopolymeric repeat of glycine. By placing the pattern of repeats on a phylogeny of the species (Gleason 1996) it is clear that the number of glycines has increased within the group (fig. 4) . All of the outgroups have two glycines. This expanded to six with the start of the diversification of the D. willistoni sibling species (the first glycine was mutated to serine in the lineage leading to D. tropicalis). With the further diversification of the sibling species, there was an expansion to at least 11 glycines. The repeat has become fixed for 11 glycines in D. equinoxialis (which has a leading serine). Drosophila willistoni and The n3 glycine repeat of the willistoni group may have evolved through expansion of the unit by slippedstrand mispairing in conjunction with unequal crossing over, a process that, if unimpeded, will continuously expand repeat units (Levinson and Gutman 1987) . Selective constraints in some species may restrict the number of repeats, especially for D. tropicalis and D. insularis. Otherwise, these would be expected to have longer repeats, although it is also possible that larger sample sizes would reveal longer repeats in these species. To relax a selective constraint on repeat size may imply that there are compensatory mutations elsewhere in the gene that allow expansion of the repeat. Consistent with this hypothesis is the observation that the nucleotide composition of the region around n2 varies coordinately with the length of n2 (Peixoto et al. 1993) .
Additionally, or possibly alternatively, the composition of the region itself may affect the number of repeats. Because there is a difference in codon usage bias between the glycine repeat region and other regions of the gene (table 3) , this may play a role in the evolution of the repeat unit. While D. willistoni per is not very biased overall, this does not preclude the possibility for regional biases. There is a definite absence of GGG codons for glycine in all of n3, and an additional paucity of GGC in the Gly repeat. In unicellular organisms (Sharp and Li 1986; Bulmer 1987) and Drosophila (unpublished data), codon usage is the result of a balance between mutation and selection which favors codons that are more efficiently translated. Because the time to arrival of a cognate tRNA is inversely proportional to its abundance (Varenne et al. 1984) , a series of nonoptimal codons may be deleterious.
Suboptimal codons Evolution of period in the D. willistoni Group 749 distributed throughout the gene may not have such a disadvantageous effect, whereas if suboptimal codons are adjacent, the small selective differences for a single codon are amplified (Li 1987) .
The glycine repeat in n3 may persist in the willistoni species, because it is primarily composed of favorable codons, and the least favorable codon, GGG (only 5.2% of all glycine codons in D. willistoni), is almost entirely missing from the repeat, occurring only once in each strain of D. equinoxialis and once or twice in each of the six strains of D. paulistorum.
Another possible reason the GGG codon is absent is that it would be selected against in a repeat because slipped-strand mispairing followed by crossovers are more likely to result in frameshifts for this codon than for any of the other glycine codons.
The D. equinoxialis sequences for the glycine repeat alone are not polymorphic in length and have only a weakly significantly different codon usage bias from the rest of the fragment (table 3) . There are fewer GGT and more of the other codons for the D. equinoxialis strains. Assuming this reflects an accumulation of changes from the GGT codon, the D. equinoxialis sequences may have become frozen at their particular length both because it is more difficult to have a mismatch with a greater variety of codons (thus reducing the possibility of slippage) and because use of suboptima1 codons may affect translation, thus selecting against a longer repeat.
If GGT is the optimal codon for Gly in D. willistoni, it is strange that GGC tends to predominate in other regions, in particular in the other glycine repeat of the n2 region (appendix). Because the n2 region is thought to lie between functional domains, it has been hypothesized that the rate of translation of the n2 region may be regulated to be slower than that of other regions to allow for folding constraints of the protein (Costa et al. 1991) .
Intraspecific Polymorphism
The highly variable regions (n2 to n4) identified by comparisons of different Drosophila groups predict quite well the regions of divergence among species within the willistoni group (upper line in fig. 3 ), although more variation than that found would be predicted for n2. This is true for both nucleotides and amino acids. In contrast, patterns of intraspecific polymorphism are not particularly well predicted. D. willistoni has fairly constant nucleotide polymorphism across the region examined, with a peak only around the glycine repeat region (lower line in fig 3) .
Within the willistoni group, D. willistoni and D. paulistorum have more variation with respect to nonsynonymous changes than D. equinoxialis and are more polymorphic for indels (table 4) . Drosophila equinoxialis has about the same amount of synonymous substitutions as the other two species, implying that there is selection against replacement substitutions in this species. D. willistoni has the greatest geographic range of these species, so it might be expected to have a larger effective population size and thus more variation than D. equinoxialis; however, the range of D. equinoxialis is nearly as extensive (Spassky et al. 197 1; Ehrman and Powell 1982) . There is no obvious explanation for the absence of replacement and indel polymorphism in D. equinoxialis.
The only other gene studied for intraspecific variation in the willistoni group is Adh, and it has only been examined in D. willistoni (Carew 1993; Griffith and Powell 1997 A borderline significant result was similarly obtained for an M-K test of Adh in D. willistoni and D. equinoxialis, only in this case, there is an excess of polymorphic replacementto-silent substitutions (6:15) as compared to fixed differences (0:17, G = 5.768, df = 1, P = 0.016). Again, the M-K test is not significant when comparing D. wilZistoni and D. paulistorum.
The difference in substitution patterns between Adh and per implies these genes are evolving differently, although this was not detected by an HKA test.
songs of the D. willistoni group are considerably more complex and variable, with some species' song having a bimodal IPI and at least one species (D. nebulosa) not singing (Ritchie and Gleason 1995) . For the D. willistoni species, song cycles are not detectable, and therefore it is not possible to tell if there is a relationship between per and courtship song. Given the absence of song cycles, and the much greater complexity from which females may identify conspecific song, per may be irrelevant to song in these species. A study of per in D. athabasca, an obscura group species, also failed to implicate per in reproductive isolation (Ford, Yoon, and Aquadro 1994) . The effect of per on circadian rhythms in species other than those in the melanogaster subgroup remains to be investigated.
Because per had multiple phenotypic effects, the evidence for selection on per does not neccesarily imply that per is important for speciation in this group of Drosophila.
